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i, ftifliiitioBS 
0«rfeal» %«rm will «i>l©y#i r«p<i«t«ily la tl» •jp*g«8 %© follow, 
aai 1% will h» Will, t® 8«t 4siia prae-titly %lt« itpilf4®aa®# to 
atfeatiwi to %h»«« tarwi. Ibr ttoia r««ao» ©artaia tfafialtioiaa will 'a®* 
to® gimm* 
itoa»iteog Walworle •• tte® loa-lo^f or radial m$W&tk 4a a aatwork 
that anaiiy my arrlt^ at a ftf«» poia^ ft?®« «• siagla given a®aro« 
l»y ©ttly OB® path. 
.I^ep »«t*Qrte •- A %mw networiE la a »«t*0ric allowa. eatffy t@ 
lb® at a givaa poiat fro* a alalia giwa aowoa iby tw® or mr* 
dlfferast pit ha, 
TantQr fyaaaltofWRtioa — A v»@t©r traasforwitiott ta a tmnajter-
aatloa trtelsh 'mf immlm a altaata la th« ©,©i^l«ac valme of tto traaafoi— 
witioa aeaataat* 
f^ae fraaa3fe-.mit|oa A fhksw traaaforaittoa ia a tranafer-
witioB whlofe lawlvaa ©aly a oha»«9 i« tto a.ii«»aBt ©f tii®' traaaforaatloa 
©osataat*. 
Mapiit'ttda fiwaforwiti®!, •• A asagaltnta traa«f0r«»ti0a ig a 
traaaferattktiott wMste lawlima ®aly a siiaag# la tSba afeaolat® valm® of 
tiw tra3EMS!feraati®» aoaa-feiat# 
0. fyf»8 0f fraa8for»atl©»a 
fhs alaatrioal 'magimaar ot%m axfraaaea mm^lm aimliara in taxwi 
of tkalr vaetar srafreaaEdsattdaa a»<i Ma 'beaoma aoamatoaai to afaak ®f 
gttaatiti«s .Sm %9fm ©f 'fetlsori reffeaenliaf tbtss mw^lm 
Ibr thlg jr«ft®o» tfes teywi wotey MW«r, ^yagtor ewry.n%< 
@@*® to r«plii®« %ta> %«!»•. eoag3,<ME |2S5£» 
®0»p.3Laa; omrreft%, mad ooa»lex wlMg#; ia ®ngia««f lag ttsmg## 
fil® traasfQWRtioB oapaMlitl®® ®f «li« f©w«r tmasferaw, « a®a-
r©tatiag fie@« of 9l«^riQ aa«Ma#ry, hats hmm %la« Wkjor fafter la %h» 
pmfmi&vwkt as# ©f #«rr«at ia sfst^w# 
4 .iiiiflt doar# %m&atwmw' ©f tto® utmlly as«i te eon-
»«©-bioa wltlfe til® %f««®f©.|«,tioa r«tmir«»m%s «f ii^tt-ph*®® s|*it«aa 
is iiidi®tit«d ia Ugar® I. ftmasfQnwir® of this typ®, 
is thftir id®®li«»4 fomt %rii mpuhU of fradmtiag volt«g® 'aBi enpi^at 
%r«B8f#mati®a» wfai®h nir® givem % %'h® ©©afl®* triasjtoiwfll^a ®%mftt4®B«> 
wh0r» % is -fell® -mitt® of tk® ia<tao#a la tfas priaary irtailag,©f 
til® %n«sf©fwii' »4 % i« Isto mitt® of -Ife® ^frlmrj ®wrr«at. !« «iid !« 
41801003  ^
a.r® th® ©orrttpeai'lj^ mlw«s f@r "Kh® «««oaaint^ wiailmg.. ia» transfoi^ 
mtiom f&1ii@ ® wliidk ia tMi ^s®' of a 8iiigl®»fltog® tfttaafoimtr is a 
awtoar is isttjmiaeA by tk« mtio of th® of 8«aoa«iary 
t-ums to %fc» asiffltear of frlasti-y •%«m® m tl» iriadiags ©f tlie trmaformr* 
ma i»lm of fh® tj«tt»foim1sioa is gi-rsja %y' tb® f«ili%r so®l'»r 
®(|afttl@,si 
S® • ft % CD 
(E) 
a -• .a«A4 
Pigura 1. Single Phase Transfonaer 
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Figure 2-A. Gk>apl«x Yoltage Plans 
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Figure 4-A. Complex Toltnge Plane 
Figure 4-B. Complex Current Plane 
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Un l f  Circ le  
Figure 4~C. Complex Trftniformation Plane 
. 1-4 * 
hf '  tli« r«ls.%i0ai I 
I.  li 
4 ti«tti.f#rwii%l©a @f tk4s isyp® Is r«frifs«»t»4 ta Fig«r«» 8*A» 
5*S, aail 
fli9' mrtoii 4 !«. t<N> flMm &f ftgwrn 
4»S Will' %«Jc«a %0 r«prff«a% gsrufhlfiKilly tk® ml*® of ®o,i^l«ae 
ti«asfo3r«i*i0a 0»as*m% for mm girm timffsranttoa. 
fh»'a.agl« of t&« trimcf#x«ft%toa &i «« 'i»S t'lm mptitttS® of the 
•tr«a»Jfew»tJoa i« giftit If tto hfmg^h «f the 'wetar fr©» tlwf 
©rigia to the i^imt 4. 
fh« ©af-rtat tmaiferwutlea ©©aftnat I' mf h# aaslljr f®«ai 
th» «i® ©f » g«iw»trieal ©saitrattioa, irtll loBtswa ia ewiafle* 
wriahl® t^rjr, f&it th« ^t«*mi3awiti«a ©f ^ immrm with r«»pest to 
tb® 'Wit #ir®le« 
f® ftai tfei ®ffip*%at itwitmiotmtimm #®a»taat flaflf •dwiw tw® 
«tif*lght liaQ«* l»t«w thi' liiii the ertgla. to th® foiat 4 mA 
iraw a llae fr@a thi ipiat ^ fia®h that it will fate .t«ag«it -to. th® mit 
eSr@l8« fh» f®t»t oa th® Itae |4 at whteh a |»®-ri»«wii»tt,l«.r th® 
lia® M pa®««» th«»agh the foiat et taag^ea®!' fo«d ahow 1® ttai ia-rer®® 
poiat •» fhl® iiafl® ppe««igre 1®' •iifly •r®w-r®®4 whea' it -i® 4««lr«4 
t® ietewite® a |®iat lawri® t@^ m tot®ri#r foiat of th® wit eij*®!®. 
It will he #hierf«4 that hoth th® f#-iat 4 mA %%» f®iat B_ lie ®a 
(m)  
<ii) 
m XS *** 















Figure 5-B. Complex Current Plane 
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pQtifloas of •& aelpwsri: fer %i&« parpos®# of grouaiiag. 
m»«d iar iiiis parp©®® tre wsmlly r«ferr«d %© «« trsasforwir#. 
• 18 •• 
i, fraasf©r3«Rt4©B 
Jtekgiillsui# timasfeimtisai mm b« s««a to l>« 
aatloas of tfa® aest fer-r<»@bia® aiptiftsaae®# fcr alasst all afpll-
satioft# Iskt aagaitttda of tiwt voltag« to l« a-vailabl# is a frfaaary 
©oasiiirattea* Aay ordiaaiT wltag«' aagaitttia weqvtlmmiA ^m& ta mot 
Iby siB^lf fr&vMix^ a twasfemar of tfe® approfriat# turat ratio s«ofe 
that it will s«ffly easrgy at the • r»fmir«4 Toltag® fwja a sottro® vMtik 
mf Mm a toaai'^mMy differaat Toltaga* I» fowar trsmmimim mi 
iiitribtttlott fraotioa • it ^faas mrj oftaa fe®@a .fse«ia«J wise to ®sttatra»t 
tM# transla smh & *ay tlmt it# ratio ®ay b« 'aajustei t© ao-
aomi^ta liia altamtioas tbat tk« souroa wltaga mf tmiargo at a 
r«s«lt of mriaWe loailag, 
ffea iittrHmtlott of awrag® wat^r p@w®p over th« m^fk'ia m% 
iaflitaaaed by aagla t5»B8fa*witl©ttS l» tfet- ease of a siagla mil*! 
ayitaa. 
flu® ilstriMtioa of awptga 'restor fowar# ;^rti©ttlarly raal powar, 
©far a satwork toaaliti^- of tmj radial ey&Mmm iatsraemaatai hy a 
•isii^lt pith will 4»ipaBd ajpa th» ralatlw fhaiaa ®f thm a.»*f.»a 
gaaaratafi tfe# gaaai^tara «f tliasa to4iiPld<aal raiial ayataas# fha 
aaglaa of tlwaa ®.a»f,*a ara raadlly 'iiwatrolla'a ^y a|?pr®prlat® gowsraor 
aattiaga af tlte frlmi noirars to Miataia a iaairai iiatri^utioa of raal 
f^war featwiea tka gaaaratl^ iyttawa. ftm oaatrlfeittaa of aaefe gaaar-' 
at©r t® tlie raaetlva fowar aafpllad ttai' aatwrk of aueli a as«t«, as 
Is well lawwa, mj ^  affortionai %f raiaii^ ®r loweria^' the a.m.f* of 
10 * 
A ftwa eitlifr liy altering itg «3E©itati®» ©r hf allowiai it 
to tmpfly th# a«tw®rk tlMromgli a't-iwisfoi^ar of a<i|»#ta%le ratio. 
It is bmrs-mrg tii» toof tyf« ©iromit whi@h diaplays th« a©#t 
iatarentias lialtairtor aadtr tbs iafl«t«oa of aagiitmd# aai aagla 
traasf^raiatioas. fh» Ift-hatlor ©f l®©f «ytt««i is l««a wall kmm mai 
mmldtmhlf mm iittimli t® itt«i*ia« tliaa ^t of tte aiafila' radial 
or tfcys siapiy iatar®oiiii#«^a4 ayataa* It''idII b« tlia farpoae 
of liiit tfcitiia t© «0B8i4«'r loop sytta*®- ia iatail with a viaw to tlio 
4ot«r*imtioa of tl«ir ha^fior oaiar th« iafl«isiio# of fsetor trwatfor-
«atioat wl«3«® froittat arowaA avery ©loaai loof i« B®t r«*l mlty. 
I« Iioop iyft«tt Btiaiflor 
A »i*fl« l©of «yat«t it altoi® iiagraswEatioally in Flgara i. ^I^t 
aai i*l* rapraaaat traaamiaaioa liaaa imn a gaaawtor, £, to 
% aai In* % • w®tor traBaforaar. fkis aiapla loop a-yatm will 
aarw t© illnatfata tha affaat of tha wotor tfaa«f0,3mati0a ui»ii tfc» 
powar flow im ayatawi wbieli inTolfa aloaai loofa. 
If t]to loof ia laft o'fmi. at tl» load aM it ia foaaibla to adjaat 
tha faator tra»aformer fj, »mk tMt tha valua of a» iBiiaatal oa tha 
f%«ra aa tha iRsltaga aajmaa switefe S, ia 'laro* laiar thaea airoaa-
8ta:^a« tha awitak $ JMy l>a @]^aai» aai the omrrants m.nA f^oltagaa oirar 
tha aatira ayatm will raBmia «mltara4 with tlia oloaii^ of tha loof 
fha aoMltiama wdar whiah tha ayatM ia opax^tiag may raaaoaahly ba 
thoaa ittiieatad M figwra f . 
If tramaforsMr '% ia ad^atad to giva aa ifli«*phaaa laaraffiant of 
Figur* 6. loop 8y«t«a 
- 21 -
Figure 7. Loop Operation With Ho Circulating Current 
"• 22 
88 
Figure 8. Loop Operation Under Magnitude Transformation 
• gg • 
« »«*«»•« prior -t® %h« ©l©f'ia® of 'Switeh %km , 
a^a thfl this will ®«ms# ©arr-«% to e4rt«l«t» 
•|fer©«gh %li« systea*. M»s%' of %ih» #»rr®a% will eirta l^at# *r©»m4 th® 1®* 
Is^eiaa®# patk f»f«»4 fey M tfesa® 
lia®s ftr« mvmllf la^etiw -ftlii# • ©arrest# l.® will oHimHlf lag 
tk« "TOltttg# fr®4^.t»g !%• fey a«arly lO®* • ffctia thi« e i^rwlatSag ®ttrr«»i 
adti aljaest lir«@ti|' %® aa-i^  ittMratt® fr©m %M <i«»4r«-" 
%ttr« O0»p®»ea%a ©f twrmt alrewidy fl@wi»g is liatf A*A.* aad g*.S* as i* 
stem M fis&wt f» fM bai l»@«a sa isertafi® ^ ia, tfe® reaotiw 
power amfplied by lim® A-*A*. and a ••##' reaetl-w psmmr »ttppli«d 
lia« • flie iap>rtaa% eo»©l««toa wij,i®b Mas "baaa lllaatratai i« 
that aag»it«d« ©J^agiag traaafaman wiy l»« w«®d *0 apfortloa th« flm-
of p«®r m l#Of afs-t«»i la iyat«affl lik-rii^  larg® ^ratioa 
Ia tluiir ti^ UBaalssSda linai* 
If iastaad of allo*l®® f* to frodw® aa 'li^ -fhaae iaeraiwwfe ©f 
TMMHIH 
•roltaf® a_ it 1» &d|ttaf«4 t® pr®i»0« a «aall tmiratwr® wlt.ag® differ*' 
® i^io« 0f £ Mfar® ®l®8ia® tfe® 8Wlt«h tlia %@toBi*i®r it tmit® diff«r«at. 
this sttmtioa if ihowa ta Hgttr® t. Agate a eirsalatisg earraat I® ii 
frodii8®d lagi tli® wlMg® i» i^®fc kis fitj4tte«d, it l>y alaaat SO® to 
tlBi ppfdoatoaatly ,r«aetiT9 l#©f tirenit# igaia, a# feefor®, the Ihifbly 
iadttstlTi^  Im 'iafeiwa®®* liti®« fmsmt t i^® moat iaportaat fath for 
this ®ir®«latlag ©arrast. 
It Is avidemt 'ttet ta tMs ease tb® ia-ptes® eoaf^aaat of the 
®arr®at ia lla® A«A* is feiit® daaldedly ia®r«aa®d# aad the ia»|>)mte 
©©afoaeat'of ttoi ®»rreat' la lia®- i*'B» i® ®®r»«8p®adlafly d®®r«ai»d. 
- 24 -
Figtire 9. Loop Operation Under Phase Angle Transformation 
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II.  Mwm- m fm ufmmm 
fka at MyS'bwma hveme $9mml la tlid 192^*»* 
ffe® qtttsttoB sf taatfolling p^wer flw ©a sy»%«B8 of 
tb« %!!>« tlw% @los« «f«>» l^i#wK«lwjf ms tMse'dlAtely' «iseomter»i* 
pi0m@r p»f«r im l9Zf aiasttas®^ th® udmatug## gatoei by 
•mployiaf ratlfl (aa i^tai#) 9M pl»«« triiaif©ra«r« la mriom attwork 
altetioas* Blwf iieriT»i tte eritorim for ainiana I@8'S asd 
aIi0W«d that i» a raiiative loof, or mm i» a lodf to nhieh tiai rati® 
of tb® iaiaatiw rwittanea t© tto® ra«ift«»@« fiar all fortioaa of the 
l©®p art tt»al» tteB' mrrm% diitril>mtlo» for lo8« omma 
aatmrally, 11mm# als®' iariwl th« ralatiaa wM©h ®M«t h® satisfied if 
D l^tftga is tct ha'SfliJaataA iato a l&&f to Mka th« systeii lossaa a 
adnlirai* 
flw diffifiilty is dsslpiint systans fhaae aagla aoatrol 
proaptad' Waat^^®''^  t# wmmrk ia lil0 t^t t-ha graatast fro-hlea waa aot 
vith tha afttijpnaatt iteiali h« assartaS was awilUthla la raliahia amd 
aiapla for»» hwt sratl^ r with the aaiaulatlaa of the aaoaat of pteaa 
shift ratnireii t© aatiaf^ aertaia pradaterailaad aeaiitioaa^ 
laseria ware »4e «f pewer flew t» larfa loaf aystma -aai %»Ka 
pvihlishaA a sat af IMita fathered ia taata af siiah a aystaa is IfSd. 
hjmnS '^^  Miei his data t® aalettlata aa *affaetiire impafiiaae";* axperi" 
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0B8' of liiMS snpplytia^ %hi« load* 
Ferrl and jg4| ieierlfead ofwnttijjB of a 118 icT, 
104.?-«®p«r» ftete shifter ««e<i ia ths Ataraa-Qwitdttir «r®* for the 
©oatrol ©f fNSwr flow oa m iatersoaasetsi lo-^p «ys%«a. fhla large 
phase shifter was eoa«l!rme%ed to provide a pMsm shifl of 12 degrees 
in 13 eqml steps, the ptese sliifter ms iastalled for the purpose @f 
aaiataiadag ^e power fl®* over the tie liaes ®f the three later-
eoaaeeted .oQiifaaies ia aeeordaaee with the eoatmetiuii stipilatioai 
•mn% those eonpaades* 
the Central Steti^a l^iaeert- @f the lestiafh^tise Cerporatim ia 
ths Westiaghomse fimasaistloa aad Oistrihtttiea lej^reaee haw 
diseussed the tuestioa ©f selntioa «f aetrorloi iawlidi^ veetor 
traasforwttioas. they ha-re preposei a s^is^IiHed approidwits asthad 
for th® s^ltttioa of sueh eirsMts fer the speeial ease ®f «aall re* 
8id««l ^#e M^les or aw&ll transf®imti©a ratios res^ltiag from the 
oomplete trawrsal ®f the traasfsaimtioas of a gifea.loep. 
*»hso» aad I-ewisClO) haire de«ted B&m atteatioa to the solatiea 
of ©ireaits lan»lti,ag regaMtiag traasferiBsrs. they 'haire showa that 
ia the ease ef symetri<^l eettp@aents a phase traasfoiwsr shifts the 
positive sequeaee fwatities posit|iraly hy the traasfermtioa aagle* 
the aegative setweaoe fmatities aegatiireiy hy the traasforafctioa 
aagle, aad the sero se^ueaee qoaatities uadergo ao phase shift whate'ver. 
Klrahark.« ia the diseiissiea <&t the artiele oa regalatiag traas-
mrmm hy lohsoa aad lewis# hits poiated to the iahereat diffiealty of 
represeatisf phase traasf©raatioa« oa a aJafle phase system.. .Eiahark 
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i«i» attgfS8-%®d a wkieli laTolws tbs m& ©f a tw© fliata «%ttlwl#a1s 
strettit. 
W^gtlngMem®# 'mimmk ajaaly««r «E^Sn»®r8 ia tlwlr aetwork aaasli'aer 
«aa«l |sr®«®at fts alt^raAtiwi -^o ««par«it« of. rsppeaentlag a 
plsas® siMBgiag tra»»f©.m®r oa « network fttt®lys«r. 
• so • 
III. iojyiflos Of mof siisiifs 
A. Jkiiitlftlaal Istkod# 
.IiC3©p ©ireaiti' whteh eles®, but wMah in olosar® in-rolf# a a«t 
traasforaatiaa r«tlQ of «wi®%ly rcAl wiity may b® «0lv«d by th«-
familiar »etIioi of to * oawsoa bat® to ellffiiaate th® 
«<Hjiitioa« IntrodttO'M ®t ttm polats of tmaaforMtioa. Omo tlJi« so-
Itttioa baa b««a obtaiasi tb® soltitioja of tbs tireail; ia t®ms of Astml 
qaaatitl#® is rsadily 0bt«la«i froa %h® Mmm rati® of base to aotaal 
•fwatiti#® .l» all piyts of tbe oirewlt. 
I<0©p airsaite wJiisb bmt wfeieii ia olosare <io aot ia-rolvB a 
net traasforssatlott i-Atl© of -oxaefely real aaity My not b® solved for 
«a «3ta0t iolatioB by tk® abow a®tlioa a® all of th# oiraait oonstaats 
iitay not b« 0spr®88«4 ia isms ©f « »ingl® mmmn .bas® Talue, fader 
tb#s® ©oaditioas tb® rslattw traasformeitloa rati®® «*«rt tb«lr owa 
aff®ot to alt«r tli® iiftrlbwtioa of pm&r ©irsr tb« systw, 
S«wral methods »xist for matbemati©*! solatioa of loop 
oirowits ©f wbiab tb® »0«t fiaaiMiaatal la aB,qw8tioaably the staul-
tan®oii« solation of both tb.® and th# traasfor*«r ««|aation8, 
fba«a Bolutioas, airaa ia, tba siaplaat mm, will be poa#«ro»s as every 
traB8fo.ra#r rataiaai itttro4m@es %*r© a%aati9Bi ia aiiition t© tb® 
©ireait ®qaatios« &t tb» aisoaiatad aatwork, 
fmwt flow 1b loop -oireaitt is 4®t«ralaabl8 graphically by the 
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ftpplisatiott of ffi»thods w«ll knows ia pow^r eirsls iiagrna -feheory. 
Will# thee® itsthods ar® asmng tli® eor® ooaveatsot *«tiiods of solutioa, 
flwy ftra l««s iatisfaotery feeoMit ttey &« grapMcsl in aatar®. 
'IfO0p 0irauiti whieh i:aifol-9® oaly a mtf small ia0r®a®atal 
traa8fj?rraetloia are emmonly mltmi. by aa afproximat# mathoci, fh® 
0f aa «*b®Faal gmwmtw upoa. tb@ syst«a is ooapmtti. TMs 
©acteraal g®a«ra%or «af|»li®« aa ittcr^atal ©.m.f, iimtiml l» both 
MfaltM® aad phai® witfa ««pfll««i by th® tmasfomer* •• For ooa» 
piratlwly swull iaiBsrtei mitt®# of e.s.f. this will yield 
satisfaetory spprextMit® aaswers. It baooaes iaorsttsi^ly In error* 
,hew®T«r»^ &« i»0r«a«iaf -ars 8tt,ppli«d frm tfes ©yfcsrnal toaro®. 
fli®8® additional wmtts mM mrs sapfllai by th® external f#a®rat0r 
frod«<5« errors omr tlie syatea, 
fk« ts b« sat forth ia this the two generator 
a»th.o<i, is ©qittimleat to tfa® aothod abow eateept l^iat an adiitioaal 
"gtftsrator" 3»s be«a iaaorp©r«.t®.i that absorbs the -rolt-Mparss 
Satroiuosi by tha luarmmt«.l g@a®r@tor* 
1. jtealyssr letkois 
hmf oirQ'iaits w,hlah iawlT# oaly aagnitttdc traasformatloaa pr«a®Bt 
ao problss la, their selutton by n wtwork aaalygtr. It is only umm* 
smry to «mfloy a traasformer or aa aato-traasforaer of appropriata 
ratio to r«|»r®s©«% th® transforaation ©oa#itl©as whieh are ia existeae® 
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If. fSi t»-0BagE4'fOE OF 
fit 9w&mi vBGfos fMmummm 
A tJmm'tQmer sspfttol® of prodweiaf ©Gsdltioas at i-fes tsmiaals 
wiiieli m'Miatf emstly th« timafora&tlea ©gmtloas I® oal.l®4 a *'j)#rf«ot 
trani8ferti®r", aai it i» mmllj r®pro»®at#d by 'th® i^bol for two 
ooaflfti ©oils. Momm0' ot' tnrn&m-i&hl^' im.p0rtm\lom swcM «« winiiag 
rmlstmm® t flux leakag®, oor« r»iaotia®« sad &or& loss %h» heh&rior 
of 'aa actual traaiforaer is aewr %i*t of a p»rft®t tratt8f®ra»r al-
Ittoagii it a»y Approaoh It fult® elosely, timm Jtep»rf««sti0as prodao'® 
the SM® that wouM l»« froim®# ^p®to©»s ia 8®ri«8 aad ia 
paralltl with %h» t©r*iaftl« 'Of a payfsst traasfomar in so far m tha 
behavior is i0#w®rja#d. Ia jfast m ®q,aifaleat a®%worS: any tea 
isvlssd by tk® preftr s^bimtioa of m peffee-fe ttmutQmer with sari®® 
Aad parallel iapedosaets which will iisflny %fe® aaiw feeiwiTior at ita 
%«mitt«ls as th« ikstaal traasforaar that it is itsigned to r®fr88-®at. 
Sttoh aa «fwiv«,l«at ©irsiatt li ahmm .in Ilpip« lO-A, tli« farallsl !»-
p«daB0« &h.mn is of htgk al9®alat® -rtltt® la tlt« msB of a pre .parly 
siesigtttd traasfarasr, aa<i it# affsst is aomally of Htt.to iigaifioane© 
ia s-mlttatiag th® l>®l»ifioj' of %hm isrm&fommT mAmr ©©aditisB* oth®-p 
thaa mro or wry light loai. ftes tli« »gttliral#Bt eiro»lt for a ioa.d«d 
%mmB tamer my ba repr«8®»ttd fey the two s®ri«8 topwdanoes aai a 
p®rf«®t traagfoMwr as 8licw» ia Fig. 10-1. 
Ia this aaalyiis it will aot aeotsaary to ©aasliiar th® afftiot 
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V P  V s  
Figure 10-A. Equivalent Circuit of Transformer 
A  =  a e  
X s  R s  
VP V s  
Figure 10-B. Equivalent Circuit of Loaded Transformer 
^ S6 -
of th# «qtttTaX«at s®r4®s of tkt prfe&ry aa<i -secoadary of th« 
traasformer• It *ill 1® ummnmrj oaly to work nfllAi that pertistt at fh® 
rfipr«»®atfttlen mhi^h Is th# f#rf#et traMforwr. th«. 'SqalmleEt smrlm 
iap(dm»!3®8 mmy b« ooav«ai«atly aia«i te th© external aetwork when th« 
aaalysis lawlT®® •&» tr®3a»f©Rt®r., as' 'my tba 's.hunt brano'li. 
Consider tks p«rf©©t ^ transformer of Figure 11. fh# primary Tolttg# 
ftad, ©urrent my gtTsa us I|, &a<! Ip, fhM sorr#8poBitEig eteoniary 
valtats of voltag® eurrtnt as ^ aiid fim ®«fionfiary values aay 
b© espresBssi a®,the v®etor ««m 0f th® corresponding prlssary value md 
Bom wetor fraetioa of tk# primary wlw. fhas, 
! « • » % •  A %  (14 )  
dM 
Is * h* sip. (16) 
Is • (li) 
and 
I» - a 
fMs r»ailly allows the d«v®lQ]^9at of the feasto 
r«tair«»«at of tbs water tr®iBaf©ra®r w, 
•%1« • Sslg (18) 
Iglg « (IS) 
Igig • (20) 
- gf -
% tlie 'as® of the ®^«atl©as first pr©fos«d w« my tacprsss th« 
as, 
(Sp • Alp)Clp • 
IpCl • A )%(! * S ) m 
(1 • A)(l # S ) m 
(I • S • A • A S) • 
S « •(!, • 
1 • A 
s..(LZA„l^ ). 
I ^ A ' 
ilAee, as Ime toeea fosttilated^ 
Kg . I|, * A Ip 
• {I •Ally. 
fh« p#rf#®l! trans for»®r raqairss,. 
ig •• A Sp, 
It is appareat tbat, 
I A • a«i<* • Am 
fhua, th« aag^rasBlott for S my b® writtw, 
» *. .JL «J®) 
a 
• •(I • B )• 
- SI' •. 
fh« ©rlgiaitl my mm b# wrlttaa fts. 
% •• % 4 A Sp (14) 
(SI) 
fhta ©mp-s-iwiQii tor tte ••©©ainry fultug# »ai nwermt to ©f 
tfea friwii^  m4 #»iT«mt ^mrihm %!li» ©irimit w^m, in flgmm 
12« fkt sirettl-l of f%g^m 12 i« thsrtftm m tftttfal^ a-l #lr©«l% of 
wetor ti*a8fsi*«r» 1% it of %iw» g«ji«rat®r«. Oa® 
g«a8r*t®r is * wlttg# g«a«ni%©r. It iaffll## the -voltiigs A% to tbo 
eirewit. fh» @%to»e gmamt^r it • ©«rr«at g«a«rftt©r . It Him 
eiirr«at» (I - t© %h« oli^ ait. th» poiltiw <iir®«tioa» for m<iA 
gmemtor mm- m laAoatei oa 4SAgiw«. If « pirfeat tnussfowwr i« 
hy thtt •tialmlittt a«%work tfas- hsxvdml ©oadltloas will r«wKia 
iMfmrimii md«r the swlD^stittttion* 
or mgaittti* tma«fon»r8 itr* mr« •viimly 'usei tte 
wetor ti*a*for»83F* • Rir tMit j^ aaoa tiwi r«itt®tl©a of ti» #tmtloai 
to tfemt ip«el^ @ QKse will mw to» stoswa* l#t us ^koom to r*frtt«ist 
^ prinsd imlY}*fl the @oa8-^at» iaii»lvi4 la « wfialt«i« trftasforoMttiw 
«i 09atrtt8t«4 witli mfrlaei mluos la ®m«* 
for » 'iwetor tf«aif©raa,tio« it h&» fetoa pwv«a,, . 
<S . . (I .,««2L) 
1 • A 
(24) 
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Figure H. The Perfect Transformer 
AE 
AE 
Figure 12. The Two-Generator Equivalent 
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For the gaaeml watw tra»ifora&tioa, 
JZu 
6 « <» at* iniiiii.ni.ii«iiiiii^  ^24} 
%• i«fi)ai%4oia fQP tlss i«n®r»l wotor tmasfoimatioa, 
I • A «» 0t»^® CS4) 
C®») 
For a t-ra,asf«»rMRt4®a a • I mM io 
A" • - 1 
• (S6) 
Ikas for a ph*«® triwiaforwitio&ji 
a » s« • «i • • A* (ST) 
s" « A«. <s®) 
lh« ©tmtloas nrhioh #*i>r*ss th« l>®M.'rior of a piw»9 tr«a8fowi»r 
h^mm^ 
% - ^ • A« ^ (Sff) 
Ig • Ig * A« Ip. («| 
fl» efttliflfclaafe elr®«i% for •b}» ©as® Qt a pur© phaao tran«f©rma%'ioa 
is tlJ»t aliswa in figwr# 14» 'la %hi« ©iroait tka positiv# dir#®tioa of 
ths a«rr®a% A**lp bas feasa ©hos'ta to r«*aitt A*''!^ »« a positiw 
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Flgur« 13. lwo»Sen«pator Bquivaleat of 
the Mftgnitude Traiuif(^matio& 
Figure 14. Two-Generator Bqui-mlent of 
the Phase Transformation 
« 4S • 
taaatity us th® iirtetioa ms ofeosea to miatain the ©orresfosiliig 
%mattti»s of tfca fr«vi0tt« tw© ease# jpoiittT#. 
Ih.® gr«ttt 8i»pliolt|r ®f tii» r® lit Ions ia partlowlar case et 
tlw phise twiasfoWHitioa ffovak®®, oariosity ooaeeraiag them, this 
aimplleity mmoi^  t.to t^r %im oaaa of m phaa® trtasforaatioa 
ootttPiltot®a gr®«tly to tl» 9«.8» wltfe wfeieh th«i« trasBformtioas, «ai 
ladir«otly vsetor trTOSfo-imtioBa, my rapreaeated pJiyiioaHy an t}» 
aatwork mmlfmr* tethw dstails of thiis traiieforwitioa will !>« 
prBseated wl»» the tofi® of pbysloal r^prseantatioa is e0ttsW«re4, For 
the mmm% it will b« ittffieiwt to ©-©usidtr th® probl0a of i«t«mlaiiig 
the f«Q0ral ©oMitioaa mdsr • i^ok tbs r®'latioa S « A holia* 
It has h®sa showa tltot for th« T«©tor traaafomatlon. 
; . .(1 * A - (2S) 
I • A 
If tha eoaditt'oa is mm iisposti that,. 
? • A • r * 
W@ havs. 
r ^  +  t r  • ( I *  a ^ ^ * )  * ' 0  
n, •• ""l • 
'P# 3, * • *. i®J®. (42) 
ittt for the gaaeral wetor traaafoimtisa, 
I • A • a©'^ ®. (2®) 
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Pigura 16. ConditloM for th« Bquality, • A* 
4® 
For ^ &%ml to this 
I • r • ««4®. 
But thsr® Mas alrtaiy testa i«ri*©d. 
(2») 
P • 1 (42) 
S1b0« 
P * I • I •». P • 
So 
t 
a • *lt ani a " *1 (43) 
It to(ts tfe®a l>««a »hmm that tlwr® ®r« two s«papat« ©saAltloas of 
aatgalar tmaifowaatloa for which tfa« p«r-mit mlws of tlia iiff«r«mee 
b»'tw«©a ^rimnry »md siemdary fsltaf# aai mrtenM h«T» a ooraaoa wlu®# 
Bltttatloaa «re lllisig-%ra%«^ ta, th® V0®tsr AM^rm of Wgore IS, 
fha iaf®3ra*%i©a whleh 1»» b®«a fr«««a%®i M® glf«B tb® tool® tor 
* moi® of ftttmek for tbe ®3f»et soltrtloa of thos® pralbleas whieli 
lawltr® Imp ©Irsaits wtos® t^asfoiwilloB ratlQS do na% form Iti® pro4«0* 
of real taity oa travartiag tk® loop* 
B®foad '%M8, the asthed allow® %h® as® of ©©atidsrabl® jttdpw®t ia 
simplifyiag B«twork« for ttpproElaat® soltttlsm® with the ©oasaqaeat Yaaf 
retoetioa ia sKsmftttatioaal ©ffart, 
1. • ftoi ^o»§»is®r«tor ItHifaleat m aa -iMatlytieal M®%ho.i# 
It ^««a sham that my p®rf®®t T®«rtor traiisfor®«r say h® 
r«i>re89at®a ^ m attwork ®oa®i»tiag of two feasrator®. 
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this artwork is shoiw again im Figart 18. ffe® iaput 
•oll3»g»> Ip, mj b« o.©ttsi4«r«d t® arise froa th.B •eemtrllm'teiaii ©f two 
eeptrat® affeets of whiefe th.« v©ltftge Epp ari«®« fraa th« ftetioa of 
atll the ®oar8®s ©jctarml .te tte .®f«i*raleat aetwoA^af tk® traaaforaer, 
and tbs Toltag# ^  arises ft*0a the J.©lat aetioa of tfe« mrrent aM 
f©aerators of %h$ tw0»f@a@r«tor eir®wit. thus, 
S^larly, the 0wr«at ^ -mj i»« 00nsl4«r«d t© arise »» th« aw 
of th® ©urr®ttt proiwoai toy tfa« aatlaa of «11 th® txterntl generators 
Ipo plms tijs ®wr®rt. ^ arislaf froa tM Joiat attioa of tiia -fewa 
g9mmis&rs. af tfe#eirealt# fhmg 
(4S) 
fhs oirottit mj %h,e.tt b® irmwa aa€ labeled as in 
Fig«r« 17, 
fh@ framixtre to 'ho foH0W®(S la th® ferfoima®# af a 
0lr®«it la-rolTing a m&^0r traasfaraatioa »,ay nm b® ontlljaei, fiie 
©Ireait is first SQlv«d »B<S«r' th® aaswuifttott that A «• 0, I¥o® tlw 
resmltiiag solution th« ot B^g and Ipp aiay iiwfldiataly d#-
t«r«ia®i a® w®ll a« all of the other ©arrsata aai ¥oltage« la the 
eireult for thie basa eoudltlon of. a r«al smlty traasformtio-n ratio, 
this soltttioa a*y b« t®,i**®4 ths ®ba«a»ratio'* iolatlsiai. 
fhm alrsttit i« nm aolwi wltk all ot th® axfearaal gaaarators 
abort ©Iraaitai, b«t witto tha ganamtors ©f tb# aqmiwlaat eireult 
- 47 -
A E_p 
• i 1 
AZ(r Es. 
Figure 16. The Two-Generator Equivalent 




Figure 17. The Two-Generator Equivalent for Analytical Studies 
• 40 • 
«a«r|y %© tlia tyste*. A mm ««t of tmrreafes m€ wltufei 
fbr th® «alir» is d«t®r«ia«d .by thli 8©lmtioa» fkia solatioa 
is Mormi. th« ^Imrmmntml-raMio*' 8ol«ti®tt» 
fi» •Jiast solttti®» to til® for aj^ -wetor trasMfomatloa 
mtio i« tfc«a ol>t«.ia«i by 8ttf»ria]^flag th» sets #f mlaes obtaiasi for 
th® l»««-rfctio solutloB mi tiw inerei^tal-rfctio 8o3«tl«a. 
•fl» 'ta»®-f»tt8,fmt©r •fttim.ltat .r»pr«««at8 o»lf th® ptrf^et traaafor-
witioa fortioa.of th# •fuival«at ©iraait of aa aetwl traasteatr. 
i,Q@oriiagi;y, tke ufaiiraiaat i«rl9s ii|i9iiae« aad ataiat ateittam* of 
th® • «qttlml«at elr@ait of aa a«t«al traasforwir matt not h@ oTarlookld 
as tbes® |»araai®t®r» wtt b« inoladti la 'both the bass-rati© aa<i tb8 
iaer«a«atai-rati0 •sireait sslatieai. 
4 ®oi^l#t« solatiea of a pr0bl«» tawlirii^ a wetor traasforraat'ioa. 
*ill ia g«a®ra.l ©oaaiit of two ©•0afoa«t «©ltttiea8« ffcte first of tii«8« 
two .f-olmtioas ie th® lase-ratt© solatioa whieli agaaa®# that tfc» ast 
traa»f0i«tioa la trmwrsiag tiw lo©f aader' ©©asiioratioa la aqml to 
real uaity, Iwa ia th® ®*«at that th® frobl«« ia t© b« a©lv®i for 
8*wral ilff«r®mt mlaa® of wetor traasfomatioa this wlatloa a««i be 
mde ©aly one® f@r any glfoa mWmk, 
fh®' geesai ©oa^ea®!^ 8©lati©a i# tl»- list9r®®0atal«ratio aolatloa, 
aad it ii 8ttf®rii^f«d apoa tfc® ba8«-rati© solatioa to 4«t«raiai th® 
oomplat® solatioa of th® problea. It is svi^at that a mm iaor«Miatal-
rfttio 8ol»ti®a mtt«t b® d«t»iwiaei «aoh tlm® a aaw vector traasforwitioa 
rati© ia laf®attgat«d. 
» SO' • 
B, a® iqat-mlaat *® aa ioAlfmr 
of %&» .IKtai.®® fraasfoin®®? 
Tfe® probl«a of s i^awlatiaf a iraetor tWMforwRtlon oa a aetwork 
analyaar !»• b««a a Aiffisalt aa®. A vmtar traasforBation maf b® 
reBolwd islo two ssaafojMit traasfoimtioas, the osa® a pMa® twwsfor-
watloa lawlviag f«r® r®tatioa aai th.® otfcap a sagaltui® traasforaatloa 
lBV0lirlag f«r® radial gtretoMnf ©r eomyrssaioa abottt tfe® origia in 
•fell® oonplax traasfQwiation plaa®. 
astworfc «alfi@r Is oriiaarily <»f«rat«i as a siagle-fMa® 
d®iri@», factor t.1^8® elramstansas th« ®ff«et ®f a magaltwl® trans for-
Mation is easily rtfreaaatai by the iatroanetloii of a wa-galtud® 
traasforiaar or a«tQ»%raB8f0ra«r 0# afprofriat® ratio iato tk® oireait# 
Ik® afftet of a phase %raa8f#r*ation is sot so #asy t© doflioat® sine® 
t&0 faairatmr® ©•Q«p©a«ats of T®ltaf« lAioh ar® awilabl® la the n-ghas® 
8S<t«R are n#t so amilabl® ia th# 8iiifl«-pha»« systflaa. 
It h&B hmm shorn ®arll®r, how«v®r, that a feetor transformer may 
b® r@pr®««at«i by aa aqaimleat a«twark iaval-rlng two r«lat®ii geaar-
ators* It ia trom tfe»s« ssmr©®® tliftt th« r«falrei taaii^ itar® 
aoagoaeat® *ay be 4r$mx* 
fh® efttiiralaiit ®iraait whtieh Ms b®»a studiad is raadily 
ftdaftabl® t® sonstrttotioa !» fkysleal f&r» for m^a with oartain typss 
of aatwork aaalyjsers, fh® ©quiTOlant ©iraait mtoioh »ay be wsad is 
shmm. ia Hgtar® 1S» fho ®ff«st of f«r« ph&as transfwaatioa whiok 
this aireuit aaa.froitto® ©a tl» vectors wssd t© refrassat gimpMeally 
- 51 -
AIL 7%-
Figur« 18. T«o~Senorator Cirouit for Frodaoing 
Phase iL&gle Transfonaations 
- 62 
th® Qomflm %aaatiti«s laTolv«d ia th® traasforaiatioa is showa ia 
Flgttra It, 
Is .ord«i» to pfoiwe® •«. pfc»s© twiasfomatioa aafle# «, it 
is tteoaasftry to detsraia® %hm aagaitaia aat pJmoe irngl® of th® 
twstitf A « t&B qwatity A i#t«taia#s the eoaplex wlues of 
voltttg® «»a ®ttrr®at wM«h m»«t iaj®®t«i iato the eire i^t la th« 
aasttsr sfeowa la fig^a*® IS ia orisr to aoMsve tlie a®sire«l p^sa 
treas forMt ioa * 
fk« taaatity A is * ooapltx aamliar. A« saok-it iMas botk 
»ftfiilttj4® a»4 iiraetioa* fi>® twmatlty A may tiwrefor® ba rtpra-
«®jatai as lAI wk®r« IAl i« tk® aksslat® -raltti, and ^ tk« 
phfcs® aagl® of th® fwaaatity A rafarrad to tk«' oorreBpoadiag Bp or Ip» 
ftos aksolttta mitt® of A is «f4a®Bt froa tka tiaple 
trigoaoaatry of Hgar® 20 m iatailad kalow, 
Sia ~ • •—g-- (4S} 
I%1 ' 
lAl - 2 Sia I C4f) 
For s»&ll aaglaB., 
«  ^Sin. a (48) 
Tkaa apfroacisaately, 
iai»« (4s) 
?haa tka MRgaituda of /I is skowa to ka a si»fl« fsoaotiosB of • • 
tlte pkat® transfoimtioa ooaataat aloaa. It wiil asxt ka naoaaaary 
- 63 -
A"X 
Figur# 19. Riase TraneformfctioBL by th« Two-Genarator Mathod 
54 -
Flgur« 20. Deterfflination of th« lAignltuds of A" 
m • 
reltt'® tlif phii#® posltioa of A •feo tht fhas® •feransfoimtioa 
emstaftt ft.' 
fh« Iwisio rsquireasat of a vsetor transforaatioa is that tli® 
•00tor pomm b# iairariaat oader the tranafo^nwition. fiwis the sua of 
th® t»-0tor powert iaj®@t®d by tli® generators Z\*Eb nad A"Ip tsuadsr a 
|toas® traw formatloa aast b® a«ro. 
&«fsrriag to Figur® 21, it ii ®vld®at that th® qwatitie# ©f 
ittterest mAj b« writtsa la tb® polar fora of eimplax aotatlon as 
Bp . |lp| ®J<® * 
%  -  | % L  
A«ip - |; A"ip| ®^^^ ^ ^ 
A'*% • |A"ip| 9^^^ * 
% • |%| • # • «) 
Is - |%1 
ftetor pow«r Is giwa hj th® prodaot of tb® eoajagat® of th® 
^ ooaplex voltag® aaltiplied byth® ooaplex 0urr«at its®lf. It 1® 
posaibl® tbea to express tb® fact tl»t th« siaa of th® pow«r lH8®rt®d 
by the owrr®at ganerator sni tl» powar lassrtea by th® voltag® g«n«r-
ator i« ««ro by writing tb® following ©quatioa using tb® viaeultm to 
deaot®' tb® 0oapl®x eoaja^at®. 
ipA" Ip • A* Ip Is • 0 <50) 
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Figure 21. Detsnaination of th« I%as« Position of A* 
m " 
iBpllA "lp|. '^^ -»'»|A»gp|.*^<® * * * «) -0 
iBpllA "Ipl.^* -|A-Ep I I Ipl 
[»p||A "Ipl] - [lA' K p l l l p Q  *  * '  ( 6 1 )  
fteifi, 
[|Kp|lA"Ip|] -[lA'BpllIpQ <6!) 
iini, 
A */3 • « {SS) 
t /3 » a •  « 
^ t t  
- 90® 4. I (S4) 
l^ finS.a^/5 ' as, 
« g0O {gS) 
fh»rf resalts. 
/ 5 '  - f  (6«) 
It Ms th®r«for« been shmm tlwtt to r«ali«0 a shift in pMse of 
a degr0«8 \«il®r r pure angular trwisformtlos the »ag»itui« of tito 
wotor A'*tat i»® ©q««l to 2 Sia wi the pMf« angle of A** mwat 
• 68 •» 
ba equal %o 90®^ ^ 
ftiaa, 
A" -
« 1 4.1* * 
•2 Sia -g 'i'l 
- Si -
f, mMMtmmim m w mtrnm mkmrna. 
mfmmwm m tw mms fm&msmR 
fJa« iaf0r»8itl#a whieh has %««» gi*r®s sarwi as -bfei ftjuadatioa for 
gyBth««l8 of * pkt««-8hlftlag davise to tisa^td th® of phas® 
"feraasfoiwtloa® i® -lit® astwoA aaalyiiwr rtfrtseatatioa ©f elrml^ a ia-
voliris^ wetor •brfttt«f©mers. 4 felask ilagra® of tfe® typ® ®f elreuit 
lAiiQh -ma A^sar® in Figw® 12* iigml wltag® far %li« 
TOltag® ittJ®©%ioa olr©«it, tli®' sppropriat® ft*a©%ioa of tto tewslaal 
ittpat wltag® of til® iimlat«a tr»a8fof*»r, wat ierit»d with th® aid ©f 
a -roltag® di^ lAir. thl« wltag® was th«a shifted ia phas® hy th® mmmii 
sapplled to aa a3i#llfl«r with a wry l©w oatpat iapedaao®. 
Smh aa ai^ lifl®p elossly appi^ aohts a wltag® soar©® ia its ©Mi^ otar-
isties. % luaaa ©f th® -fsltag® divider the aafilfler was adjastad t© 
sapfly a wltag® ©f aagaitai® (E Sia -| at a phMM9 aagl® ©f iW® + ^ 
with respe@t t© th® iapt^ -r@lt.ag®. fh® foltage soar©® was tl»ia 
©©aaeeted ia series 'with 'tih.e lapat -f©ltage ip* 
Slallarly th® exeltatloa ftp the ©arreal iajeetioa ©irealt was 
ieriwd fmm the iapat ©wreat with the aid of a Im rwsistaB®® «to«afe 
aad ft ©arraat timslbmer. this sig»il was als© adraaeed ia phase hy 
90® • J aad ased t© ejfelte laa aaplitter eaployiag peatod® ©atpot tabes 
I p  e  
I n p u t  
O u t p u t  
A m p l i f i e r  
A m p l  i  t i e r  
O u t p u t  
f o r  m e  r  
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fil® 0urr«8.t laj®0tloa eirouit, by -slrta# of the sjKaiatry of the 
sitttfttioa, was arraagei ia aueh th« sama mAmer^ A e-arreat traas* 
fom®r, essoitsd tl» pot^tlsl irop aoroas the one*t«nth ohm 
ahuBit Ig ms arranged- to «oit® the grti of th® sathsic follower 
stage, f§* Jiala th« ©athod® follower Is pre»Tld®€ with th® »igait«d® 
adj«stm®at 1$ which appaar® oa th© froat.pasel s»d th« aorr®9tor for 
&h&Mg0s -of B»gs4t«i@ wlth.phas© »gl«i Ijo* Coiiaeftion to th« ojjtpwt 
was tl»a «€« to the reirersiBg swit&h* 8^, whish f«d th®^ phaae-shlftiag 
elremit* The reversiag switish Is Inoorporated la, the •.®ir®«it, to allow 
th® laj«0te€ wiws to- h@ refira-td thr»«gh 180® ia ord®r to wke 
awilabl# boi^ i^  posltlw aM asgatlT© pirns® shlftg. fha phaae-shiftiag 
Bstwork provi4@<i the varlabl© resistors Iji for, freat pa»el oontrol of 
>5* aad for the perwiaaat ssttlBf of a 8Q® phase shiffe. th« phaae-
shift Mtwark was dlraetly eoanestsi t© th® frlfi of ff -axgita® thf 
pttah-pwll driT«r stag® ^ thr©»gh a Toltag® divider ixg ttst-d fsr th» 
p«rp<ss® of ssttlBg th® gaaeral It-wil f«©h that a mMimm sattlag ©f th« 
isigttitttela Qontrol, Ig, will j-wt «till«® th« fwll eafabillties of th® 
eire i^t, fhe output stag® fg ooatlst# ©f two, SUH oonnaeted as fuah-
|mll paatode®. Ilw owtpmt of this stag© was to -th® iafut 
•eircult of the simulated transforaar by a low Ijapaiauea llak batwoaa 
th® treasforatrs tg a»*i t|_0» . fg aai fiQ w®r« tw© low qmlitf output 
tranaformars, was 4i®as8®®'bl«d- aad turn® war® rmuo-vmA froa its 
high Toltag® sitJa to pra-rids® a ratio stioh that feh® tubas Vs war® Jast 
abl® to aaottgh awramt to provide a ahlft 0f 18® at a miximm 
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•a 3 4»' 
F.igmr« i4» of Wlmm fraaafemer 

*  Q f  
i®ffe '©©ntrol th® sttrreiit-injsetioa siroultf th® two oa th® right 
ooatral th® TOltage-iaJe^tioa, olr®ait. 
Of thai® tw '^frowps th® right'-haad toatrol in '©aoh ease ii for 
th® aajttitoeat of th«-pha8« pssitioa of th« laj«©t®4 mA 
th® lsft.*iiaii4 Qoatrol is for th« .adJwstasBiit sf th®- aagaltad# of th® 
ia3«§t«d qmatity.' &»11 t®apor«ry pap®r «®rk»rs haw he-tn- used to 
proTii® th® oalihratioB for^th® lastruiiittt. 
Hgur® 2i it a rsar top- rim of th® fta.s-0 "tariattsforiwr. Thia 
vim shows th« g«n«r*l plaewieat of tht aor® i^ rtaat parts. 
fha voltage-.laj|©©tioa aafllfier tfp«are at th© rear of the ohaasis 
with th# ©mtpttt t«bs6 OS th® right gii# ia th» pkitografh. 
the wr®nt-l»5®©tl0n amplifier t«riBimt«8 -la its otitpat stag® 
showa at th« left of the photograph aafi a®ar th® .froat paael, 
the two pha®«»8hift®r adjastasat® f©r providiag of the 
* /3 * phaa# thift -rsqwired of th« lajentai tuaatities ar« aleo oa 
th« top of tto eMaei'f:* Both ar« aijaatahl® with th® «s« of a soraw 
driTar, fh® aaa-aaarest'tha-,'-front pii»l a^Jmsts th« ewrsat-ia^egtioa 
©ir©ait» 
Fifar® 2i* ftp fim ©f 'friMsfomsr 

* 69 * 
fi* tmt OF f l i  f» swimtoi a? i® • 
mmn Mmnim tmssmmm 
th» "bw© gmomtor 9quiml<$aM of tlie pMat siiiftiag traasforiBer 
WS8 .e©«|>l«t«i ia physleal fora atti whaa ©©j^ l«t»d wa§ givea final 
tasts by ooiasaeliiiag it to- th.® aatwsrlE aaaly««r« % «s« <jf tlMB^ 
network aaalyiser. it besatt® poisible to olaaerve aot oaly the aotioa of 
the phase ehifter iteelf, bat also to ©Isserire the effeot of phase 
traaeformtioaa i^roughowt the entire fi*ttlatei tyat«tt,. 
the pha«® shifter Imi heea ©alihrated ©naiely fre-riotis to the 
test. It was fottai t^t efea these ®ria4e aarki^ s were iwfrisiagly 
ttsefttl ia setting-tip the phaae shifter f®r a givea ai^ le of traasfor-
mat ion. the two generator eqwifaleat of the phaee traaaforsaer was 
tested wader aaay different eaaditioas of loaiing with the partisalar 
ahjeetlTW la »lad of ohserTiag aay teadeaey toward iastahility iSiieh 
aight exist. lo iaatahility was ohs-erred in these teste for all 
transformtioa wagles »p to aad toelntliai fifteen degrees. 
the etmiwlent aeries resistanee an<i reaetaaee of the phase 
shifter as well as its apptreat shwat ooadttstaase aai sasoofrtaaee was 
detemiaed t»y network aaalyser readiags, fhete mliies of reaetaaee 
and saseeptaaoe girea below are those aet valaes whioh reaaia after 'Sa 
effort has been wie to t«ae eertato of these qwaatit-ies out by the 
ase of suitable reaotasees. 
These final values for the deviee appear ia table I. 
I  I  I  I  i  I  
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FigxjT® 26. Trial Cireait 
• f g -
equml to i«ra. 
fh® «xf«ri««atal i»®rk wai oeaielttdsi lay raMiiig tte« ©ttr-ws showa 
la figwm if aai IS tatewa from tiw ftita of f«bl« II. 
flitte ewriftf-llliatrat® th® r«f«3Atloa ©f tba .idfloa, 
fhi rtfttliittom ett'rw# of Hfmrea. if, amd 2S fea^^ !>«•» flottai ia' 
oriar t®. €lffl*y tb« rafaJation olmraetarlBtlta' of plaaa trana-
forwir, • -fbesa ragttlatloa earvas war® 4«t®rMa«i by adjaatiag tli® 
fhasa traail^ iwir ©oatroli to pro&ie« a fMirfeat traa.af®r»attl©a ratio 
of #10 dagr#®® wMl® tha fhaa® traawfomer ma loai«4 wltfe a pare 
r«alata»0« load' irawtaf oa«-half of tii® rated *a«l»« ©arraafc ®f' isim 
aaalyiar.. wltfe ths' saatrol®. of th« fha-'Se twfcaa-f^a'wswr watottehoa 
Its psrJterMaaea was naaaarai «ad«r a i®rl«8 of loais fro« »«ro to fall 
load with pura reslataae®' load#, with 'para- tnAiotaftoa loaia, aai ^wltk 
pura oa|»oitanoa loads. 
flwi ofirras of tlgmra 2S Mm beta plotta# to aa axfaaiai "rartleal 
aeala la or^r to iHaplay ikjf® olaarly tha affaat of thla loading oa 
tke ratios of tlw ottsroat laagaltttias aai os tiw ratio® of t&® •voltaga 
wtgaitttdas at t^ lijfttt aa4 omtpwt taraiaala wiar wrlotta load#. 
* f 8 • 
mmm %% 
for l«gmlfttl,»a Cwtt®® 
eu.*. €toP«at Wl'likge Is, is, 
• 0.0U /-ie° 10.16 A.o° , , ... a, « „ 
• 0.000 10.56 2££ ° 
» O.mAsfi^  ''o°>^y° Cl.»»s 10.8° 10.6° I! 
• 0..12S TtoZr 10 
* 4*Q*> 10 
• 0.tsi AS, lo-
* o.m A,q« 
•® ® 
o*®®® i.o®8 ®.6° & 
* 6*878 22ES£ 10*0 
* . o'-St  ^ '•»' " 
" • loT  ^ !•»» lo-'' «' 
• .  i f H  ^  
. o.tss/aiuC. ^mM4. i,„o ..„o 
» /*§»»#. iQ*9 ma® 
».w At.Q^ 
# oai0 8.ti 
i,§o0 1.018 it.r s.o® L 
l.©22 l.oli f.O® 10.0® 0 
-0" = « 
f 
t flus d«8if]«itlons &« 1« It^ And 6 doaots bo !©«€« pitre reiistnaes 
















fhi tw© gtasmtor ©qulTalsiit ©ireuit &t tto® welior trattS3B9mir 
has lMi«» tkiim %o b« adftftublv to am.ly%i& *ad «»&lyxer atisile* 
of Imp iyatiai. 
AS'ttE iaatrttaifia&t«il.%y .1%^ taAS tbs that it 
mtilii«s- • l>ase»i«itio ioltttion of %&» swtwork'wM'@h i« gemtrally 
mlrm^ kmm, ®r If »t lojoim, my b« olitaiaad by %h« eoi^ ratlwly 
aaay antte»d af radttstien to a 6oia0& ^sa» fte solution tliatt ia aiaply 
©btaiaetf i«p«rii#oii»g th® affaat ®f %hm tiro atmiiralattt gaaaratora 
©a tlM» aytttffi. . fit® solmtiaa aay b® ©btaiMd f®r a gaaaral vaator 
treaaforsMittoa alroat as aaaily aa for tha gfealal ©asaa of ai-toar a 
pira wagaltttda m a pwra ptasa traaaforaatlQa, flaia tiba aattood la aot 
IJmitai ia gaaarmlity aithar thaoratleal or fraatiaal aoaaidaratia&a. 
fita aaltttioii obtaisiai ia aa asoiat ©aa althai^  appfcxKiaationa ara 
always aTiiai^  whioit will greatly iaaraaaa the labor of aolmtion altouia 
it ba alaetal that tbay ba «i9pl©ya4. 
»ttrra«t ganaratad by tka #ii3rra»t gaaarator ia af ©aaaidarabla 
iataraat# this surraat ia fivaa (I - )I, Iter . s.Mr.1 «rtor 
/\ » 
traaaforaftttioa m& aagaitada triua8lbri«tioa. Oo» 
aaaio*lly it ia iaairabla to o»it %lm ©wrraat gaaeratar ia aa apfrsxi-
mta amlaatiaa ©f tbia afaratioa of a eiraait. It will ba obearw4 tbat 
the ralativa aoatrlbmtioa @f tba aarraat. .gaaarator ia glTaa tfea 
- T? -
m) 
Sttt for ft i^galtat® tr«tt«^drw.tloa, frm C®6), 
A • * « -" I 
80 
« •  -
(M) 
©lis fSPmetioB is plot%«i as • fimotioa of tl» s@ala.r. tri«Bfor-
oatioa ratio, a, in figur# Sf, aad it will ssnre aa^ some iadioatioa la 
the ms@ ©f aoalar t-raasfonastions of th# relatlw «ff®0t of the ihmt 
g®a«rator ®n 8y»t«» <sarr«iits. 
lh« fh|«i0*l reprtgaatatioa of tK« gha®« traaifofmar bj the two-
g®3ft«rator awthoi has' thowa itself to h® of pi,rti@«lar mlae in network 
aaalysar 8t«dl®a la *hi<At heretofsare no satisftietory taohniqae for the 
parpoae has eatiste-i,"",'®® two*gea®ra%or phfcae ahifter poaeetfea the 
prafMirty ®r beia® ©afable of beliag a®t t© aay giwa phase a»gl« within 
its ran^® aai retaiaiof el©s@ly this settisf «aa«r all loaia -mi 
operatisf eoHdiltioaa' withia the oapibllitlss of the ievlee, these 
benefits a©®ruf 'partially .from the eleetroai® eirewitry that ia aa-
aooiated with tl^ two geaeratora, Itefortttiiately the pMee aettinga 
are not re^iaei perfeiStly waier all leaia for the two generator 





i«. itself & physical dsTie® with stteaiaat isttraal ia-
and Sttt®r»l ahwt a#»ittaH;®®» It must m% b« forgotteai 
that th® two gsserator ©fttitmlaat otreait *111 b® «««€ to 
r®pr®8«ttt othar physleal devl8«s aai that th®#® deviets always hmm 
latsraal s®ri«« ixp<$imm aiad shmat a«S*ittft»®® also, 
la th® «'9«at it b®®o«®e as^ssesaiT't© aiwilat® the p@rtommm9 
©f ft ferf«0t tr«a«fora»r thia* t@o,: la wll^ia th® oapa-Mlitiaa ®f 
tfe® tw© g®n«rator »«tl»i b««ams® •tt® atti*® so«re«a »y^ by trifling 
laiividw&l aijmstaeata of th«ir wagaitiiies aad pl»8« aagl®, b® md® 
to OQmp®asat0 for th«ir iat«rsal l08s©s. 
fh® adj«8ta®»ta r®q«ir«d ar« fairly lttd®]^®ad®at of aaoh other aa 
th® adjttst»»at8 for wagaitmd® aad pfcfts® mmtually ©rthsg^ml to 
®«oh'©th«r ill tlws mmfl&x plam®. ftos it la possibl® t® aato «a«h 
adjmataeat 4a tara aai fiad mpoa ®o«fl«tliif the foar adjustmeata that 
•aoh la ««8®atlally aa it was firat aat aad has saot b®«m ittflu«aa®d 
appr«0iably by lat®r adjustatnts# 
fh« iatar»l 8®ri«8 r«iiataftQ« ©f th® aerl®# geoarator of th® 
two g«a®rat©r eqaivalaat defsads dir®etly apo» th® aeeoadary winding 
reaistaae® of th® outfttt traaaformer and th® ami ©f the primry winding 
reaiatana® and th® tmb® plats-to-flat® rtalstanoea both of th® latt®r 
divided by the ®q«ar« of th® traaafsrwitioa ratio of Iti® output traaa-
fbrw>r, fhua if large iaersaaatal, voltagea ar® to b® injaoted th® 
mitt® ©f th® transf®:imtion @«ttaat will b® low and th®r® will have 
to ¥«• aaay taras on, th® saooadary windln® of th® ©mtput transformer, 
fhls mmm that tto atttiwlsnt s®rl®s l*f«daae® will b® high* The 
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•waller th® rsqmir®^ piwa® trassforaation amglo th® 8jaall«r will be 
til® r«tttlrad wltag® which wist te® SjaJ«Qt«di mA th® higJaer tM® 
trftSif&rBatloB ratio of tl» uatpit traa8fon»8r. It would be f»rf 
desirable to hav® taps && the amtput traaafarmer ia order that th® 
lowest Beri®s la8®rtloa impedaae® po8»ible be iaeerted tor ®a®li pliae® 
aagl® traasfom&tiea. this w©«W be a ttoaifiemtioa that should be 
aoaal^ered if iaa®rtloa iapedaaoe Is am t»portaat faotor la a 
I«rti6ttlar applioatloa af the te-riee. 
Similar r«mark» my be laade for tto® eurreat geaarator. Ia the 
ease of the eurreat' generator It it esseatlal that a %m traasformtioa 
ratio be mlatalaed ia order ttet the shaat a^lnlttftaee ef the geaemtor 
be miatalaeS as low as possible, l^aia for- the smaller plmse angle 
traasforaatiaa raties th® tratt8fo.r»tloa ratio of the oatpat traas-
former my be aaeh lower thereby pr®^iag a »tt«h lower shaat ooaiaetaaoe 
thaa is psssible for the larger p^tse aagle traasfDraatioa ratios. 
Ii^aia, if shttat eoaittctaaee prs-res tapertaat, the ohar&oteristies of the 
ieviee eaa be Japrowd by th® «se ©f a tap ehaager ®a the se©oa4ary 
wiaiiag of the owtpat traasforaer of the owrreat geaerator. 
The fi-oat paael eoatrol of the aagle /S * my la gea®ral b® townA 
iffliieqaate for aijastiag for a loesless traasfomatioa aader hearty load 
AS this adjastaieat allows the aagle /S » t® he varied hy oaly a few 
degrees whloh my be iaswffloleat to allow the iatro«i*iotion of saf-
fioieat nmrgy to ©ouateraet th® losses wader load, the larger aagle 
A 1« adjastable by a poteatioaster at th® rear of th® ehassis. lorwal-
ly this 0O!srt;rol is set to provid® a phase shift, th® addltioaal 
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ssmll i®fl0 l8 pre-ridti fey tlw ©oatrol on th® froat paa«l. If ft 
lewmtifl i« p«-rid»«l for «f@mrftt®ly r«s«ttlag th« ^ ooatrol to »® th8r« 
is m ofej|««tion to alteriiag its s»ttinf to siwlat# a |i«rf«et 
tramsf^rwtiea. 
Iflgfttlirfi tmnifor*tioa *a§l®« ar® fuit# «« Itoly to m-
mm%9m4. m traaMlssioa 8y«t®«t as positive aagl9«» Isr tlils, reason 
it is Jmst as iafortaat that i»f«tiT® aaglts fe® rsfrsseatafels as it is 
that positiT« aagl«® h« r®pr«8®at«M«. 
isgativ# fsfwaet twwatitiss ar« shifted aefativsly ^ the 
transforaatioa as^l® ia fasting thro^h a flmse shiftily tra&sfom«r. 
fh» 8ol«tioa of iafeala»©«a attworJet hy th® a«t^4 of sywstrieal aoar 
po.tt«»t8 r®twir«s the seltttioa of hoth t^ fositiw aa<l aegatiw 
8etm«B«« ii«%worki. fhas it is Bsosasary to prafldt for hatti positiiw 
ani negativi fhas® soigl® shifts &t oqmal anfiitMi® in Sttsminatioas 
of this kiai» 
• m -
fill. SWMIl? 
It Itat te«#a tore tl»t « f®rf8®t w®%©r Wm»tormr my 
rsplasei hy a iHipfast aarpeat g«»apat»r aai a p«rf«®t TOltag® f«a«patoi* 
with ao «has^« ia termiaal aonditloat. fhis rsialtli^ ataiiralaat 
©iraait hai b®#a 4«»8ft«tra%#<i t® a aat&tti by wliiah to attaek 
trmniM-mr froblewi. For th« gaaawil oas® of loop ©ii^mita In whidh. 
til® tr«&f fo»»ati®a rati®® fail t® t@m a ppodaet of r«al «aalty arouttfi 
tlbt l0@f the aaalytioal afp"#a®'li. tMa aetiiod pro-vi^i t© th® exaet 
solution is sia^lar thaa th®' olagaltal nathoS of aolmtioa. 
A fMs® tpa»af&m®r %fts®(3 iifoa tM« sfwimlent eirouit iiat fe«®a 
®0aatrtt«t«i, fMa da'vie® baa pmmd mry vtmMl iter r®pr®s«atiBg 
flAsa tyans3ftsr»ti®n8 aa a aatwork analyaer.. 
A •lanple telmtioa !»« fetaa prestatai of a partiewlar probl®* to 
iaifflaaatrata tto® rtlaiiir® mrits of tli® ©laaaieal aolwtioa, th® ao-
Ititioa '&y tfe® two f8tt#rat#r aqmimlest r#j>rts«»tatloB, aai th® aolutloa 
hy aeaa# of th® astwork aaalyaar atlliilag th® fl^aiaal aoaaterfart O'f 
th® two-g«a»r«tor «taiTal«at of the pl»8» traasforMtp.' 
th® aolatioaa th®®® tia*®® wathdia ha*# heaa famd to h® ia 
pro,f«r agr«em«Kt» 
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If tm euMBiGM, mmB 
Aa 9a*pl» trill %® flT«a of th« soiiifeioa Isy the oltkasio&l 
matted of a ^ienl ©ipemlt inmlv '^ i. pwr® pMs« traasforafttioB of 
•10®* fh,® Is ifeawa -ia d#tail la flgwr# 3&. fia« loQf atwtioaa 
A&i tr«tt8fQra®r #taatl©ai. art# 
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Figure 30. Diagram of Teat Circuit 
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»«i»ri0ally. 
T • * Pi ' (.2»3S}^» 
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fiaarleally, 
ip « C.21T • ja,oons@) •- (o.oiiii • j§.ogsfg) 
• ,2ai t je.oss 
• .sss ^ (80) 
I® • •.OS? /m,$ (81) 
ig * (»m$$ # j©,iifi4) - l-.oisii • jo.ftss?i) 
• ,2184 • p,&7SM 
• AlS.Sg . (St) 
fb@ @wrr«a-li« % aad %, aM Zg wad In ar« ths tuantittes 
ef gr«tt«»t iat0r««t her*. fhHr mlms will mw be @ompuM hf m 
eomad mthoi. 
» 14 • 
Aww»m i. iowf Bi m a mof nmmm 
If in «»-©wimfoi »f»B 
flw '^ ©•g«i»p«%op swtfeoi far tlM» tolntloa of pp6'bl«i«-
iwreliflBg wetor troatforaatloa* will mm be ill«f%rmt#i hj mams sf an 
«xaafl«» Jkgftia, tk® ©ireult sfcioiea for the 9«aifl« ia that sfeowa la 
Figar® Sa. 
fh® 1aase»ra%io ©-irealt Is »l»wa in figwe SI. fit® lafsiand® 
shows 0a H-gttr® ®l l«# 
fii« r«d«®'®i ©Ireuits of flgarts aai SE-1 aay thsa 'b® drowa. 
Ih® I>a8®-ratie g«a«rat0r «i*rr«at^ Is than «vii®fitly. 
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Figure 31. Base Ratio Circuit 
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V, = 10 h* 
Figure 32-A. Reduction of Base Cirouit 
Xg. 
4 .478  46 .492  
y= 10 /O 
Figure 32-B. Seduced Base Circuit 
. if . 
©arroat Ip® l«. 
.8liSA8»iS 
• >ufs/igas (®8) 
• 3.0E®7 . 




* •Oi9fA§>4g (86) 
•• ,Ot&f " 3,DOS# . 
the voltag® Ipg is, 
"• %0%f • 
• |,2l4S/B>gS)C47«4Al8,Mj • {amAg«XS)C§>§§/i8,8) 
• - i.tif • 
»• 3l>*lAf,8f (8f) 
th« liier«a«a%nl-ni.'li© ©iretttt is slew la figart S3. 1%. bmi'I 





Z/. - l.aH-5J3Z.6S 
-Q—G vV\A— 
I ^ y- iyc) 5-^7 




tp * LQ ip) •*• Lp -hlc 
Figure 33. Inoresiental Ratio Circuit 
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Affs»ix G. sowmoi Of A rmimL mm ciictif 
81 fai MWBWl AlMifStt 
tl® loop of Figure » was 8®% m tlie tarn S%at« Colleg® 
letwork i«ly«®r wslaf tlwi fJ»«® trwafo'mer prs-sdotiily dessribed to 
frodtt®® -Ife® retttirai fMse %raB«f©w»t4oa of #10 i«gr#t». 
fli§ phftf® triia®f%r®«r was ©uraf^lly adjusted %o fmimm ® lo®«l«»« 
trm»ifora&%i©n of •10 itfr«®«. leadtjaga war® th«» talt»a of ths wetor 
toltagea and mrrmts ia tte® loof eirewit of fifur® ». lh»a® raadlaga 
ar® 'lalja.latad ia ta^l® III aloi^ with th® figaraa oWaia»d for %h® aaa® 
readiaga itoloh tew l>®®a omlettlated fey tl# two-g®i«;rator »®%hoi aad %li« 
olaasioal a^tiod* 
fl» elreait givoa as aa ®3Ka»fl® has %®®a solvad fey thr«» differ«a% 
m®%tod«, 1% will fe® ofe»«rwi tlat th.® "wilmta are ta reasomfel® 
agreameat* 
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Oofflftt%€4 «ttd UmmrMd foltagos Wid 
€wrP0ati for'th® 0iwiiiit of-• WLfttr# .ES 
tttaatitjf * •Olaisieal /,fwo-Gei«rator lathod Ittwork, Aaalyaar 
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Bp t,si /-i0.s«® s,si Aio^e® 
is S,84 AO.S® f,6S Ao*g® 
• airr®B%s are «3tpr««««i in folar «»f«r«0| 
folfage# ar® txfrasssd la, polar wits. 
